Fluorescence nanosectioning within a submicron region above an interface is desirable for many disciplines in the life sciences. A drawback, however, to most current approaches is the a priori need to physically scan a sculptured point spread function in the axial dimension, which can be undesirable for optically sensitive or highly dynamic samples. Here we demonstrate a fluorescence imaging approach that can overcome the need for scanning by exploiting the position-dependent emission spectrum of fluorophores above a simple biocompatible nanostructure. To achieve this we have designed a thin metal-dielectric-coated substrate, where the spectral modification to the total measured fluorescence can be used to estimate the axial fluorophore distribution within distances of 10-150 nm above the substrate with an accuracy of up to 5-10 nm. The modeling and feasibility of the approach are verified and successfully applied to elucidate nanoscale adhesion protein and filopodia dynamics in migrating cells. It is likely that the general principle can find broader applications in, for example, single-molecule studies, biosensing, and studying fast dynamic processes.
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fluorescence microscopy | superresolution | sectioning | cell adhesions S tudying the distances of molecules relative to a surface with nanoscale resolution (nanosectioning) can provide important insight into a range of physical and biological systems. Optical fluorescence techniques are often particularly desirable because they allow one to localize specific labeled molecular species in an often minimally perturbing fashion. Existing fluorescence-based nanosectioning techniques can roughly be divided into those involving far field point spread function (PSF) engineering (e.g., refs. 1-3) and those that explicitly use axial distance-dependent modifications to the excitation and/or emission rates from a substrate interface (e.g., refs. [4] [5] [6] [7] [8] . Common to all these approaches is that superresolution is achieved by sequentially exciting individual or subsets of fluorophores with the final image constructed from a collection of temporally separated measurements. As a consequence the imaging rate is restricted by the scan speed or by the rate of turning fluorophores effectively "on" and "off." To circumvent this temporal restriction an alternative degree of freedom needs to be exploited.
One potential option involves using the spectral degree of freedom (e.g., by modifying the measured emission spectrum in a position-dependent manner). This basic principle is embodied in steady-state fluorescence resonant energy transfer (FRET) measurements (9) as well as the more recently demonstrated plasmonic nanorulers (10) . However, for an effectively homogeneous plane of such "relative" nanorulers, the spectral contribution of the nanostructure scattered field or acceptor fluorescence would decrease in strength but not in its spectral shape as the distance from a fluorophore is increased. By exploiting solely such material resonance effects it is thereby not possible to deduce complex axial fluorophore distributions from a single spectral measurement.
A distance-dependent spectral signature will, however, come about from the interference of emission directly into the detector with that reflected from a nearby structure; as a result of different wavelengths interfering over different characteristic distances. Furthermore, by carefully tuning the design of a substrate coating, one may tailor the frequency dependence of the complex reflection coefficient, and thereby the amplitude and phase shift associated with reflection and hence also the interference at different frequencies and angles. It thus becomes possible to modify the "spectral shape" of the measured emission for fluorophores at different distances above a structure.
To illustrate how this strategy can be used, let us assume that fluorophores can be located at any one of a discrete set of axial distances above a substrate interface, written as z = z n with n = 1; 2; 3:::. One would then ideally like to realize a structure that results in modifications to the measured emission spectra for fluorophores at z n , written as Iðω; z n Þ, that are orthogonal functions with respect to n, that is, Z Iðω; z n ÞIðω; z m Þdω ∝ δ n;m :
It follows that for an arbitrarily complex axial distribution of fluorophores (that do not interact with each other) one may exploit this orthogonality condition to read out the relative density of fluorophores at any axial position using only a single spectral measurement (in a somewhat analogous manner to a lock-in amplifier). Unfortunately, realizing a substrate coating that achieves such orthogonality is impossible unless the axial distance discretization is extremely coarse. This problem can to some degree be circumvented if we impose constraints on the possible axial fluorophore distributions. These could be that the distributions only take the form of some characteristic function (e.g., a normal distribution) or follow a
Significance
In this paper we describe a high-resolution light microscopy technique that translates spatial (position) information of fluorescent markers into spectral (color) information for improved biological imaging. By designing a thin biocompatible nanostructure on a microscope slide, we show how the distance-dependent spectral "fingerprint" of fluorophores can be used to monitor their relative distance from the nanostructure with an accuracy far beyond the resolution power of a conventional light microscope. We demonstrate the technique by studying the positions and dynamics of key proteins that play a role in cell motility.
quantifiable trend with respect to z. If, for example, one can assume that only a finite set of axial distributions indexed by m = 1; 2; 3::: are possible, each giving rise to a corresponding measured spectral modification I ðmÞ ðωÞ, then the distinguishability of the measured spectrum for different distributions may be maximized by designing a setup that minimizes
where the weighting factor W ðωÞ will scale inversely with the spectral sensitivity of the detector. The constraint could of course also take the form of a continuous function, in which case the summation in 2 becomes an integral over continuous parameters n and m ≠ n. For a given structure, fluorophore species, excitation profile, and detection setup, I ðnÞ ðωÞ can readily be calculated within the framework of semiclassical electromagnetic theory (e.g., ref. 11). Furthermore, for fluorophores at not-toosmall distances (>10 nm) from the structure, the effective response of a planar structure can be completely described in terms of the complex frequency and wave vector-dependent reflection coefficients. The challenge thus boils down to designing a structure with reflection coefficients that minimize 2 in which m and n index the possible axial fluorophore distributions that are chosen based on the sample to be studied.
A complementary effect that we may exploit to minimize 2 is to optimize the effective excitation and detection volume by virtue of the reflective properties of the structure and the applied illumination (excitation) profile, as is done in fluorescence interference contract (FLIC) microscopy (4). The effect of doing so is already inherently included in 2, because I ðmÞ ðωÞ depends on both the emission and excitation rates. Designing a structure and imaging configuration that "highlights" a region of interest, by enhancing and localizing the excitation/detection fields, also serves to increase the overall measured fluorescence (because the effective quantum yield is often reduced near interfaces) and reduce background fluorescence from elsewhere in the sample. Our strategy in the following is to theoretically and experimentally realize and optimize a simple layered structure to permit "Spectrally coded optical nanosectioning" (SpecON) for realistic axial fluorophore distributions based on the above prescription.
Results
For the substrate and coating we consider the case of a quartz microscope slide coated with a thin silver film of thickness d m and a dielectric layer of thickness d d . An appealing property of this design for SpecON is that by adjusting the thickness of the metal and dielectric layers the complex specular reflection coefficients can be widely tuned. This is already apparent in that samples with only slightly different d d or d m (i.e., by several nanometers) will seem to have very different colors when viewed by the naked eye, as has also been recently noted for similar samples (12) .
The photophysics of common fluorophores are rather complex, with excited state decay being able to proceed via numerous channels. Modeling the modification to the measured steadystate emission spectra in an inhomogeneous photonic environment is, however, simplified if intersystem crossing rates can be assumed small compared with fluorescence rates, which can be realized by choosing suitable fluorophore species. We may assume that only the electric-dipole component of free-space radiative transitions will be modified by the photonic environment, and that the majority of these transitions for a given molecule originate from a common excited state. Transitions to dark states (or other quenching mechanisms) may be assumed independent of the photonic environment and absorbed into an intrinsic quantum yield. Within the Born-Oppenheimer approximation, for a given transition the total decay rate ΓðωÞ is written as the product of the nuclear and electronic transition probabilities. The former can be approximated by ≈ Cω −3 F h ðωÞ, where F h ðωÞ is the measured emission spectrum in a dilute homogeneous environment and C is a numerical constant dependent on the detector aperture and refractive index of the sample medium (SI Appendix gives more details). The latter can be calculated from the total Green's function of the setup (11, 13) (Materials and Methods). The total measured emission spectrum for an arbitrary fluorophore density distribution ρðrÞ can then be obtained from (SI Appendix)
where PSF d is the detection point spread function in the presence of the coated substrate, Γ ex ðrÞ is the total excitation rate at r, ⊗ designates the convolution, and the effective quantum yield η is given by
Here q is the intrinsic quantum yield of the fluorophores (as may be obtained from the literature), Γ α D ðω; rÞ is the decay rate of a fluorophore at r with the frequency ω in the direction of the detector, and α indexes the emission transition dipole orientation. Γ h and Γ ih ðrÞ are the total decay rates (summed over all frequencies) calculated in a homogeneous and the inhomogeneous photonic environments, respectively, and h::i designate orientational averages. For completeness the contribution of homo-FRET have also been included in the denominator, where the term Γ αβ FRET;em ðr; r′Þ is the total FRET rate from a fluorophore at r′ with orientation α to one at r with orientation β. The total excitation rate in 3 will be given by Γ The effective excitation rate Γ ex ðrÞ is proportional to the absolute electric field squared at the position r, which for a given objective lens and planar nanostructure can readily be calculated (13) . Evaluation of 3 for an axial fluorophore distribution above a coated substrate is simplified by discretizing axial distances and using a PSF averaged in the plane parallel to the interface (SI Appendix).
The imaging configuration we will consider for SpecON is illustrated in Fig. 1 and involves a high-N.A. excitation/collection immersion objective lens positioned with its focus at the samplecoating interface. Also shown in Fig. 1 are schematics of the two desirable features, highlighting ( Fig. 1 , Left) and spectral nanosectioning ( Fig. 1, Right) . For the former, we show a sketch of how the effective PSF is modified such that only an axially constrained region above the substrate is probed, in an analogous manner to FLIC microscopy (4). For the latter, we illustrate how at two lateral positions (A and B) with different axial fluorophore distributions distinct spectral modifications are measured, the modifications IðωÞ being defined relative to the fluorophore emission spectrum in the same cellular but a homogeneous photonic environment I 0 ðωÞ. In this example IðωÞ is fitted with a function describing the spectral modification from a normal axial density distribution (f), with the fitting parameters yielding an optimum mean (μ A and μ B ) and spread (σ A and σ B ) for the two locations.
One possible application for SpecON is for studying adhesion protein dynamics in cells, which are understood to be localized ∼10-100 nm above the substrate-sample interface (14, 15) . To demonstrate the approach we optimize the layer thicknesses (d d and d m ) and illumination/detection configuration to be conducive to study such samples. For the case of a green-emitting fluorophore Alexa Fluor 488, we found a suitable coating consists of a quartz substrate, with a ∼12-nm silver film followed by a ∼7-nm silicon nitride (Si 3 N 4 ) film (for details of the optimization based on the above criteria see SI Appendix). To illustrate the highlighting feature for these coating parameters, we show in Fig. 2A the calculated absolute electric field squared (proportional to the excitation rate) in a homogeneous environment with a relative permittivity of « = 2:3 ( Fig. 2A, Upper) and for the case when a coated substrate (d m = 12 nm, d d = 7 nm) is placed at the focus (z = 0) ( Fig. 2A, Lower) . In both cases we assume a 1.4-N.A. objective lens and unpolarized monochromatic (λ = 488 nm) collimated laser epi-illumination of the back objective plane. The frequency ω and distance z dependent measured yield (Eq. 4) normalized to that in a homogeneous environment for Alexa Fluor 488 at different distances above the coated substrate is presented in Fig. 2B (the same 1.4-N.A. objective lens is assumed and values at each z have been normalized to those at the peak emission wavelength for clarity). One can see a modest yet clear spectral modification at the distances of interest. Fig. 2B , Inset shows the measured yield modification at two distances superimposed on the fluorophore emission spectrum in a homogeneous environment. The corresponding total and measuredradiative decay rates summed over all frequencies for the same fluorophores are plotted in Fig. 2C (the inset shows the total measured yield). The dashed lines in each case show values in the absence of the coated substrate. Finally, the total measured fluorescence intensity in the presence and absence of the coated substrate for fluorophores at different z positions is presented in To demonstrate the effectiveness of reconstructing a nonsingular axial fluorophore density distribution we proceed as follows. First, we discretize the axial distances z s = 10; 20; . . . 100 nm and define a discrete density function ρ s ðz s Þ whose values are proportional to the density of fluorophores at the respective distances. We can now numerically calculate IðωÞ for arbitrary axial distributions based on 3 and Eq. 4. For the inverse problem of determining ρ s ðz s Þ from IðωÞ, we propose two approaches. In our first approach we assume ρ s ðz s Þ can be described by one of a small subset of distributions, and a standard (absolute difference squared minimization) fitting algorithm is applied to search for the distribution producing the best fit. This approach is able to deduce highly localized and specific distributions; however, it requires that the user have a priori knowledge of the possible distributions. Our second approach involves reconstructing a distribution subject to more general constraints, such as overall smoothness, number of peaks, mean value, spread, and so forth. The approach is a simple Monte Carlo-type simulation and calcu- The two approaches are demonstrated in Fig. 3 , where we reconstruct eight different axial emitter profiles depicted as red lines (Fig. 3, Lower) .
To experimentally characterize the predicted spectral modifications for SpecON we fabricated the metal-dielectric-coated substrates described and confirmed the thicknesses and interface smoothness of the individual layers (Materials and Methods). We predeposited a 1-to 2-nm germanium wetting layer on the quartz substrates to ensure maximum smoothness of the subsequent thin silver film (<0.5-nm rms), the presence of which was included in all of the modeling. To ensure we are using correct permittivity values, we performed large-angle P and S polarization reflectivity measurements. Fitting a plot of the ratio of the P to S reflectance as a function of angle allowed us to tune the A and B) . The spectral modification relative to the absence of the substrate IðωÞ is in this case fitted by a function f, the fitting parameters of which yield the mean (μ) and spread (σ) of the axial fluorophore distribution. parameters in the finite thickness-corrected permittivity model for silver (16) to best describe our data and reconfirm the layer thicknesses. An example of this is shown in Fig. 3A for the case of a coated substrate with d m = 8 nm and d d = 12 nm. Test samples with fluorophores at controlled distances were made by depositing various numbers of Langmuir-Blodgett (LB) spacers onto the dielectric layer with the final layer containing a dilute concentration of fluorescein (Materials and Methods). Fluorescence lifetime measurements were used to confirm that the fluorophore layer was thin and dilute and that our modeling approach could be justified (Materials and Methods). The total lifetime was found to increase with increasing LB spacer layers as expected in the probed range, with the best fit to the axial dependence being when the intrinsic quantum yield is fixed at 0.4, as is shown in Fig. 4B . This low value may be attributed to additional quenching channels from the lipid bilayer and does not affect the subsequent analysis. The spectral modifications relative to a sample with 53 LB spacer layers and without the underlying metal-dielectric coating are shown in Fig. 4C . The calculated modification for the different spacer layer thicknesses are plotted as solid lines [each spacer layer can be assumed to be 2.5 (± 0.1) nm thick]. The good agreement between the theoretical and experimental results suggests axial resolutions on the order of 10 nm should readily be achievable by fitting the spectral modification. Also included in Fig. 4C is the calculated curve if the emitter layer were placed at 125 nm from the coated substrate. Whereas this curve is comparable to that for emitter layers at z ∼80 nm, by implementing a suitable illumination/excitation scheme the excitation rate at these distances can be suppressed by several orders of magnitude relative to those at z <100 nm (Fig. 2A) . This is a result of the axial compression of the excitation and detection PSF (highlighting feature), which is dependent on the complex reflection coefficient of the coating, is included in the optimization of the substrate, and plays an essential role also to ensure that fluorescence at such distances will not contribute to the detection when this may be an issue.
From a practical perspective one may not always have precise knowledge of the refractive index for the spacer layer or medium embedding the fluorophores. Although variations will result in modifications to the measured spectral modification, provided these are small (<5%) our calculations suggest the end effect on the fitting accuracy will be minimal (<2-to 5-nm deviations) for typical cellular environments (SI Appendix). This is a result of the refractive index being taken as nondispersive over the excitation/ detection ranges (which is a reasonable approximation in many samples) and results in relative spectral modifications only being perturbed in a small systematic way. Although it seems adequate to use effective or average values for small refractive index variations (which may also be a tunable or fitting parameter in the reconstruction algorithm), it is nevertheless desirable to have as accurate as possible values for optimal results.
To demonstrate the approach for biological samples, we studied the axial distributions of adhesion proteins in migrating fibroblast cells cultured on the substrates. We focus on the focal adhesion adaptor protein paxillin (17) , which is understood to be one of the more important proteins for adhesion formation, and localized at distances of 30-80 nm from the intercellular matrix at adhesion sites (6, 14, 15) .
NIH 3T3 cells were cultured on fibronectin-coated metaldielectric substrates and stained for Alexa Fluor 488-paxillin (SI Appendix, Supporting Methods). Confocal spectrally resolved imaging was performed as described in Materials and Methods. A typical fluorescence image (excitation λ = 488 nm, detection λ = 504-512 nm) of the cells on a germanium (1 nm)/silver (12 nm)/ Si 3 N 4 (7 nm)-coated substrate is shown in Fig. 5A . The analogous result for cells on an uncoated substrate is shown as an inset, showing the expected highlighting in the z < 100 nm region where the paxillin is understood to be localized. The two fitting algorithms discussed above were applied to the spectrally resolved measurements in the indicated regions (A-F) and are shown as solid lines (normal distribution fits) and gray bars (Monte Carlo results) in Fig. 5B . We note that the fibronectin monolayer was included in our modeling but had little effect on the fitting results. The confidence level of the former were in each case estimated to be over 85%, whereas for the latter we find a resolution of <0.25 for each ρ s ðz s Þ. We note that the distances and axial spreads obtained in Fig. 5 are slightly larger than those in early studies using interference reflection microscopy (14) but are consistent with more recent ones (6, 15) . In Fig. 5C we show false color images of the mean (μ) and spread (σ) for different samples obtained by fitting normal distributions. Depending on the location and shape of the focal contacts μ is seen to either increase or decrease away from the cell in the Fig. 3 . Reconstruction of the axial fluorophore distribution from simulated spectrum. Simulation results for reconstructing the axial emitter densities shown as red curves. Gray and blue bars are the result of performing the Monte Carlo simulation including and excluding FRET effects, respectively. Black lines show normal distribution that give the best fit to the spectral modification as described in the main text. range of ∼30 nm and ∼60 nm, as shown in Fig. 5D . The axial spread is generally found to decrease away from the cell, consistent with the morphology of the structures.
To test the feasibility of dynamic studies we studied the axial dynamics of filopodia ("microspikes") in actin-GFP-transfected B16 melanoma cells (Materials and Methods) by SpecON. Filopodia are narrow (≤2 μm), fast-growing extensions composed of bundled actin filaments (18) and are found in large quantities in B16 cells. They are important for guidance and orientation (19) in cell migration. However, their often fast formation, subsequent motion, and retraction make it challenging to study their axial dynamics using available nanosectioning techniques.
In Fig. 6 B-K we show the mean axial distances at 30-s intervals obtained by fitting normal distributions at the edge of a migrating cell [region indicated by the red square in the λ = 512 (±3)-nm confocal image of Fig. 6A ]. Also shown for reference on the right are corresponding confocal images taken near the peak emission wavelengths for each frame. Uncertainties in the mean distance were estimated to be less than ∼12 nm. We note that owing to the modified experimental conditions (cell in an aqueous environment) distinct spectral modifications to those used in the fixed cell studies had to be considered. The sequence of events in Fig. 6 shows the filopodia probing the surroundings, resulting in cell migration (at around Fig. 5G ) and the formation of focal adhesions (<50 nm) closer to the substrate (black arrows in Fig.  5K ), following which migration ceases. Our results suggest filopodia only approach to about 100-120 nm of the substrate, with the tip remaining in closer proximity to the substrate longer than the rest of the filopodia (gray arrows in Fig. 6 E-G) . The morphology and rate of migration seemed unaffected by the presence of the metal-dielectric coating (as was confirmed by comparison with control samples). Our observations also suggest that the thicker filopodia-like structure closer to the substrate precludes cell migration, whereas the more abundant and dynamic thinner filopodia only "probe" regions around the cell and are not direct precursors to migration. A diagram illustrating a possible scheme consistent with this observation is presented in SI Appendix, Fig. S15 . We have also performed additional studies on the axial dynamics of adhesion proteins in live cells, the results of which can be found in SI Appendix, Figs. S16 and S17 (a corresponding animation of the dynamics of the mean axial distance can be found in Movie S1). These results show that the SpecON approach presented here can be applicable for both fixed and dynamic (live cell) studies.
In the above we have considered a single fluorophore species. However, for many applications it is highly desirable to obtain the axial distributions of at least two distinct species. For this one would perform the optimization for a spectral range or spectral windows that cover the emission from all species. Whereas this will result in an overall "optimal" structure, it will compromise the spectral uniqueness compared with when a narrower spectral window is considered. It may thus be desirable to perform a weighted minimization over two spectral windows, where each window is weighted by a factor corresponding to the desired accuracy of the respective fluorophore. A more extensive discussion on optimizing structures for multiple fluorophores can be found in SI Appendix.
Discussion
In conclusion, we have shown deep subwavelength-resolution (∼10 nm in biological samples) fluorescence sectioning in the sub-150-nm region above a metal-dielectric-coated substrate by spectral analysis of the measured fluorescence. The SpecON approach has been successfully demonstrated in calibration experiments and for studying adhesion protein distributions and filopodia axial dynamics in cells. Results are in agreement with previous studies and reveal information on axial dynamics. A significant advantage of the technique is its ability to determine complex axial emitter density distributions without the need for axial scanning. Drawbacks to the approach as presented are that it is computationally demanding, sensitive to accurate coating fabrication and characterization, and limited in the number of fluorophore species that can be simultaneously studied. The inconvenience of having to grow/plate samples, which have to be somewhat transparent, on special coverslips may also prove limiting for some applications.
We have demonstrated one particular application (nanosectioning in cell biology); however, one may also envision combining the approach with fluorescence correlation spectroscopy to enhance the spatial and temporal resolution, or for DNA sequencing (e.g., by translocating single-stranded DNA through a nanopore in or perpendicular above the substrate and inferring statistical information to the base sequence from spectral measurements under different illumination conditions). For such applications, the extension to multiple colors (i.e., a broader spectral bandwidth or multiple spectral windows) is almost essential. Doing so will likely require approaching the problem from both the probe side (i.e., choosing optimum emitters; refer to SI Appendix) and from the substrate-coating side (e.g., using multilayer coatings with more tunable parameters).
In closing, we note that the general strategy of using hyperspectral imaging in combination with PSF optimization to reconstruct emitter distributions perpendicular to an interface may find applications beyond bioimaging and the visible frequencies. For example, using metamaterial coatings with tailored electromagnetic responses that offer more design degrees of freedom, the general approach may also find applications in, for example, alloptical readout on chips and remote sensing/tracking.
Materials and Methods
Modifications to the electric-dipole decay rates were calculated in a semiclassical framework using Green's function of the setup, as was the electric field used to determine the excitation rate (11, 13)(SI Appendix). Reflection coefficients were calculated using a standard transfer-matrix approach (20) , using a finite thickness corrected permittivity for silver (16) and dielectric permittivities extrapolated from ref. 21 for the other layers. For modeling experiments the damping parameters and oscillator strength of the former were modified to agree with measured large-angle reflection coefficients of the coated substrates. For the theoretical modeling and optimization we considered fluorophores with the emission/absorption spectra of Alexa Fluor 488 (extrapolated from ref. 22) , whereas for fitting experimental data we used those of the respective fluorophores measured in homogeneous control samples.
Metal-dielectric structures were fabricated on ultra-smooth fused quartz substrates (SPI Inc.). Metal layers were deposited by standard physical vapor deposition and their thicknesses determined from in situ quartz crystal thickness monitor measurements. Dielectric layers were fabricated by plasma-enhanced chemical vapor deposition and thicknesses obtained by ellipsometry measurements on test samples fabricated under identical conditions. Permittivities and thicknesses of the layers were confirmed by largeangle reflection coefficient measurements. The roughness of each of the layers was measured by atomic force microscopy, with rms roughnesess of <0.75nm for the quartz surface, <0.5 nm for the Ge (wetting layer), <0.5 nm for the Ag layer, and <0.5 nm for the Si 3 N 4 layer (also refer to SI Appendix, Supporting Methods). Spacer layers were deposited by the LB technique (Kibron Microtrough) and consisted of 22-tricosenoic acid monolayer films. For this a 400 mg/mL solution of 22-tricosenoic acid dissolved in chloroform was spread on a water subphase (Millipore, pH ∼5.7), compressed to 25-28 mN and deposited on the substrates (vertical Y-type dipping) at a rate of 1 mm/s, with transfer ratios close to unity. The thickness and permittivity of single lipid layers were estimated by measuring the large-angle (P) reflection from a stepped lipid bilayer coating deposited on a thick evaporated Ag film and calculated to be ∼2.5 (± 0.1) nm. Emitter layers were fabricated by dissolving fluorescein in the subphase (<1 mg), the pH change of which was unmeasurable (<0.2). Fluorescent lifetimes were measured using a modified Fluotime 300 setup (Picoquant) through a band-pass filter (520 ± 20; Semrock), with a frequency-doubled tunable Ti:Sa laser for excitation.
For fixed cell studies NIH 3T3 mouse fibroblasts were plated on fibronectincoated substrates, incubated, fixed, stained for paxillin with Alexa Fluor 488, and mounted with an antifade reagent and a high-precision glass coverslip. More details can be found in SI Appendix. Differential Interference contrast and phase contrast imaging showed that the morphology of the cells was not adversely affected by the coatings. For live cell studies GFP-actin-transfected B16 Melanoma cells were plated on laminin-coated metal-dielectric substrates. These were kept in buffer solution and immediately before imaging covered with a slightly elevated glass coverslip sealed on the sides (SI Appendix, Supporting Methods). Imaging was performed on a laser scanning microscope (710; Zeiss) equipped with a Quasar multiarray photodetector. For live cell imaging samples were maintained at a temperature of 36-37°C. Images were acquired using a 63×, 1.4-N.A. objective (PlanApochromat; Zeiss). Spectral measurements were performed with an effective channel width of 1.9-9.7 nm, chosen based on the dynamics and signal strength of the sample. The objective axial distance was carefully adjusted so that over an unlabeled sample region the reflection of the excitation field was maximal. A linear response of the measured emission to the applied excitation was confirmed, and the averages of several up and down wavelength scans were used. Coated substrates were examined by reflection microscopy to ensure no pealing or damage had occurred after the spectral imaging.
